R esearchers have demonstrated superfluidity in a cloud of atoms cooled to near absolute zero in work that could lead to high-temperature superconductors and a clearer understanding of neutron stars.
The group at the Massachusetts Institute of Technology (MIT; Cambridge, MA) was led by physics professor Wolfgang Ketterle, who shared the Nobel Prize in Physics in 2001 for his work on Bose-Einstein condensates (BECs), a supercooled form of matter in which atoms overlap into a blob-like state. The condensate consisted of bosons-atoms with an even number of electrons, protons, and neutrons. The new work focused on fermions, which have odd numbers of subatomic particles.
"Electrons are fermions. Neutrons are fermions. Quarks are fermions," Ketterle says. "I would even say the world of bosons is the smaller part of the world."
The team, which also included graduate students Martin Zweirlein, Andre Schirotzek, Christian Schunck, and Jamil Abo-Shaeer, cooled a gas of lithium-6 isotopes using laser-cooling techniques similar to those for creating a BEC. They then loaded the cloud of atoms into an optical dipole trap and applied an external magnetic field.
This so-called Fermi gas has been created before. While researchers suspected they had a superfluid, in which all the particles move together in lockstep, they had not proved it. Unlike an ordinary fluid, which moves smoothly at ever higher speeds when its container is rotated, a superfluid is a quantum wave that will only rotate in discrete amounts. The MIT group spun the fluid by moving a pair of 532-nm laser beams around the edges of the cloud. They then turned off the beam that was trapping the cloud and took images as it expanded. Instead of the smooth spinning of an ordinary liquid, they saw that the cloud was rotating around a series of vortices, proving it was a superfluid. "In our field, you got it when you see it," Ketterle says.
"This experiment appears to nail the case for Fermi superfluidity," says John Thomas, a physics professor at Duke University (Durham, NC) whose group first created a Fermi gas in 2002.
"It proves superfluidity in ultracold Fermi gases," says Rudolf Grimm, a professor at the University of Innsbruck's Institute of Experimental Physics (Innsbruck, Austria). "Other experiments performed in the last two years have provided strong evidence for superfluidity, but this really is the 'smoking gun.'"
Warming Up
The gas became a superfluid at 50 nK, which Ketterle called the highest transition temperature ever observed. That sounds extremely cold, but Ketterle points out, "If you take our low density and scale it up to the density of matter in a metal, we have a superconductor at room temperature."
Superconducting metals can transmit electrons with almost no loss. If room temperature versions could be created, they would have many applications. "Superfluidity is for neutral particles exactly what superconductivity is for electrons," Ketterle says. A major goal Clouds of supercooled lithium atoms that were held in magnetic fields of various strengths and then allowed to expand ballistically for 2 ms show vortices indicative of superfluidity. he ability to measure linewidth roughness on transistor gates during the manufacturing process is of critical importance to the semiconductor industry because it affects device performance. Linewidth roughness is currently universally measured by calculating the standard deviation of the measured widths, which measures a combination of the true roughness and a false "noise roughness." However, the current metric is subject to significant bias error, which could cause the measured value to be off by 40% or more from the true value.
In a joint collaboration between the National Institute of Standards and Technology (NIST; Gaithersburg, MD) and SEMATECH (Austin, TX), researchers devised a new metric for measuring linewidth roughness, which removes bias error.
While the old method takes a single measurement using all of the available time, the group's proposed alternative divides the available time into two or more equal parts, providing multiple measurements. The individual measurements are noisier than the single measurement of the existing method, "however, because we have several measurements, we can independently estimate the true roughness and the false noise roughness," explains NIST project leader John Villarrubia. Because the new method, unlike the old one, allows a separate estimate of the noise roughness, a correction can be applied to each of the measurements. The measurements can then be averaged to produce a single roughness number.
The new algorithm applies to edge-roughness and widthroughness measurement, and it will find applications wherever the industry needs to measure roughness, such as in resists, photomasks, and interconnects. The most immediate application is for controlling transistor-gate roughness. -Phillip Espinasse refractive index of the thin film was 2.48 for light of 1.55 µm wavelength. Taking the higher correlation between composition and electro-optic properties near the MPB region into account, the PMN-PT thin film deposited on an Si substrate tended to show a lower electro-optic coefficient than that of a PMN-PT single crystal. Shinozaki says "this might relate to the residual stress in PMN-PT by the Si substrate. More precise experiments are necessary to fully understand the electro-optic properties of epitaxial thin films."
Jeffery Cross of the Silicon Device Lab at Fujitsu Laboratories (Atsugi, Japan) says, "R&D on thin-filmbased electro-optical switches has been going on worldwide for more than 20 years. With the explosive growth of the internet and increased telecommunications traffic, there has been renewed interest in electro-optical components such as modulators and switches based upon thin films. A great deal of work on growing electro-optical films has been done using relaxor ferroelectrics such as PMN-PT or pseudocubic PLZT. By growing the optical material on Si, processing and integration is simplified because of welldeveloped processes for Si wafers and ease of handling. In addition, cost of the substrate is reduced since Si wafers per unit area are much cheaper than single crystal-oxide substrates. Shinozaki's group has demonstrated the possibility of producing thin-film electro-optic components such as electro-optic modulators and switches directly on Si, which would allow both cost reduction and ease of integration for future electro-optic components." -Charles Whipple of future research will be to translate the mechanisms of superfluidity that scientists observe into the charged world of electrons. He says that the Fermi gas, which has a density one billion times lower than a metal and in which the atoms are more easily controlled, acts as a sort of "model airplane" for studying the superconductors that interest scientists. "We want to use cold atoms and learn something about matter in general," he says. "Suddenly we have a test bed. We have experimental tools and theoretical tools where we can put atoms together in novel ways."
Thomas says the gases can also be a model for the behavior of atoms inside neutron stars and for the quarkgluon plasmas that dominated the early universe. As such, they could prove useful for astronomers and cosmologists trying to understand how the universe works.
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